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1.0 


SUMMARY 


f 


The  cadmium-mercury  excimer  (CdHg  ) has  attracted  considerable  attention  as  a 
potential  laser  medium.  Because  of  the  transition  wavelength  {470  nm) , there 
are  a number  of  applications  for  a CdHg  laser  in  the  area  of  undersea  communi- 
cations. This  report  describes  research  conducted  at  Northrop  Research  and 

Technology  Center  (NRTC)  to  perform  a definitive  investigation  of  optical  gain 

★ 

and  absorption  in  the  CdHg  470  nm  emission  band. 

★ 

Prior  to  any  experimental  work,  various  methods  of  exciting  CdHg  were  consid- 
ered in  detail.  Electric  discharge  excitation  was  ruled  out  because  of  the 
possibility  of  creating  unwanted  excited  species  which  would  complicate  inter- 
pretation of  the  results.  Four  different  methods  of  optical  excitation  were 
contemplated:  cadmium  resonance  lamp  pumping,  flashlamp  pumping,  single  photon 
pumping  with  a tunable  laser,  and  two-photon  pumping  with  a tunable  laser.  The 
single  photon  laser  excitation  scheme  was  adopted.  Using  known  rate  constants 
for  the  CdHg  system,  a kinetics  analysis  was  then  performed  to  determine  CdHg 
formation  efficiencies  and  optimum  number  densities  of  Cd  and  Hg. 

In  these  experiments,  mixtures  of  Cd,  Hg,  and  Ar  were  enclosed  in  a fused  sil- 
ica cell  heated  to  about  900  K.  A pulsed  laser  was  used  to  excite  the  Cd  on 
its  326.1  nm  resonance  transition.  Three-body  reactions  between  excited  Cd, 
Hg,  and  Ar  then  form  the  CdHg  excimer,  and  fluorescence  is  observed  in  a broad 
band  centered  at  470  nm. 

Gain  or  absorption  was  probed  with  an  argon-ion  laser  at  457.9,  472.7,  476.5, 
496.5,  501.7,  and  514.5  nm.  Absorption  was  observed  at  each  of  these  wave- 
lengths. This  absorption  was  strongest  at  the  blue  lines  of  the  Ar+  laser  and 
decreased  toward  the  green.  Possible  acoustic  and  thermal  effects  which  could 
mimic  absorption  were  considered  and  it  was  determined  that  these  are  not  im- 
portant. 

It  is  concluded  that  the  CdHg  excimer  exhibits  net  absorption  at  several  wave- 
lengths in  the  470  nm  fluorescence  band  and  that  it  is  not  a viable  laser 
medium  unless  absorption  vanishes  at  other  wavelengths  within  the  band,  which 
appears  unlikely. 
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2.0 


BACKGROUND  AND  OBJECTIVE 


Excimer  lasers  based  on  rare  gas  halides,  such  as  KrF,  have  demonstrated  both 
1 2 

high  powers  and  high  efficiencies.  However,  the  wavelength  of  these  lasers 
is  typically  in  the  ultraviolet  spectral  region  where  problems  arise  from 
atmospheric  absorption  by  ozone.  Additional  problems  arise  from  the  lack  of 
suitable  laser  optical  components  in  the  uv  region.  Furthermore,  a laser  di- 
rectly emitting  in  the  blue-green  band  is  urgently  required  for  several  Navy 
underwater  applications. 

3-6 

Mercury  based  diatomic  excimers,  such  as  cadmium-mercury  (CdHg)  and  thallium- 
mercury  (T^Hg)7  have  recently  attracted  attention  as  suitable  blue-green  laser 
candidates.  These  molecules  show  emission  continua  in  the  visible  spectral 
region  and  should  be  efficiently  excited  in  electrical  discharges  via  excita- 
tion of  metastable  levels  of  the  metal  atom.  Figure  2.1  shows  approximate 
potential  energy  curves  for  the  CdHg  excimer,  based  on  published  spectral 
data.^’^  However,  little  detail  is  known  about  these  molecular  systems.  To 
evaluate  these  promising  molecules  as  viable  laser  candidates,  experiments  to 
measure  formation  and  quenching  rates,  and  most  importantly  gain  and/or  ab- 
sorption coefficients,  must  be  carried  out. 

On  the  basis  of  the  observed  fluorescence  spectra  and  decay  times,  Fournier  and 

3 

McGeoch  have  estimated  the  CdHg  stimulated  emission  cross  section  to  be  about 
2 x 10' 19  cm*".  McGeoch  and  Fournier^  also  have  reported  the  observation  of 
gain  on  the  blue  CdHg  transition.  In  their  experiments,  the  excited  species 
were  produced  by  a broad  band  flashlamp,  and  gain  was  probed  with  an  argon-ion 
laser.  A disturbing  aspect  of  their  experiment  is  that  gain  was  measured 
independent  of  cell  temperature  over  a range  from  room  temperature  to  around 
500  C.  Pleasance  and  co-workers  attempted  to  duplicate  the  experiment  of 

Q 

McGeoch  end  Fournier,  but  they  obtained  a null  result.  In  order  to  resolve 
the  question  of  gain  due  to  the  CdHg  excimer,  a definitive  experiment  is  essen- 
tial. Preferably  the  experimental  method  should  be  different  than  the  one 
used  by  McGeoch  and  Fournier  and  by  Pleasance. 
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3.0  METHOD  OF  EXCITATION  OF  Cd 


The  CdHg  excimer  is  formed  by  collisions  of  excited  Cd  with  Hg  in  presence 
3 5 

of  a third  body.  ’ Prior  to  any  experimental  work,  a detailed  study  was 

performed  to  determine  the  best  excitation  method.  Both  electrical  discharge 

and  optical  pumping  methods  were  considered.  While  Cd  is  excited  efficiently 

in  discharges,  this  technique  was  rejected  for  preliminary  gain  measurements 

because  unknown  effects  such  as  electron  quenching  and  nonselective  excitation 

★ ★ 

of  other  energetic  species,  e.g.,  Hg  and  Hg,,  , could  make  the  gain  measure- 
ment results  difficult  to  interpret.  Optical  excitation  has  the  advantage 
of  selectively  exciting  a given  level  of  one  particular  species. 

Four  methods  of  optical  excitation  are  considered  in  detail.  They  are: 

1.  Pumping  with  a low  pressure  Cd  vapor  lamp. 

2.  Flashlamp  pumping. 

3.  Single-photon  pumping  with  a tunable  laser. 

4.  Two-photon  pumping  with  a tunable  laser. 

In  section  3.1  we  will  derive  a general  expression  for  the  laser  gain  in  terms 
of  the  energy  in  the  optical  excitation  pulse  and  various  other  parameters. 

In  Sections  3.2-3. 5,  expressions  for  the  important  parameters  of  each  exci- 

3 

tation  scheme  are  derived  and  applied  to  the  example  of  exciting  the  5p  Pj 
level  in  Cd  (this  is  the  excited  state  that  leads  to  the  formation  of  CdHg*). 
Finally,  in  Section  3.6,  the  merits  of  the  four  schemes  are  compared  in  terms 
of  the  gains  obtainable  with  each  of  them,  and  their  generality  and  com- 
plex i ty. 

3. 1 General  Expression  for  the  Laser  Gain 

We  derive  a simple  but  very  useful  relation  for  the  laser  gain  in  terms  of 
the  number  of  photons  in  the  excitation  pulse  and  various  ether  fundamental 
parameters.  We  start  by  defining  the  following  quantities: 

g = Small  signal  gain. 

q = Number  of  quanta  in  the  excitation  pulse. 

★ 

N = Number  density  of  excited  molecules. 
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ti  = Efficiency  with  which  the  pump  pulse  is  absorbed, 

a 

i.e.,  the  attenuation  of  the  metallic  vapor. 

= Efficiency  of  formation  of  excited  molecules  from 
the  absorbed  photons.  This  parameter  is  found 
from  the  solution  of  the  approximate  set  of  rate 
equations. 

a = Gain  cross  section. 

A = Area  over  which  excitation  takes  place. 

L = Length  of  the  vapor  zone  or  absorption  length  of 

a 

the  vapor,  whichever  is  shorter. 

By  definition,  the  number  of  molecules  in  the  desired  excited  state  is  equal 
to  TJ  x _ x q.  If  the  pump  photons  are  absorbed  in  a length  L,  uniformly 

3 T 3 

over  an  area  A,  then  the  number  density  of  excited  molecules  is  given  by: 

* Tl  x 11  x q 

N = 2 ! 

N AL 

a 


The  small  signal  gain  g = a N La  can  thus  be  written  as 


g = T|  a x TJ  ^ x a x -j|— 


(3.1.1) 


This  is  the  final  result;  note  that  it  does  not  depend  on  the  length  L . 

a 

We  will  use  this  expression  to  estimate  the  gain  of  the  CdHg  laser  in  terms 
of  the  number  of  photons  available  at  326.1  nm.  Assume  an  excitation  pulse 
which  is  much  shorter  than  the  excited  state  lifetime  of  CdHg,  which  has 
been  measured  to  be  a few  microseconds.  Linder  this  condition,  reasonable 
values  for  the  efficiency  factors  are 


^a~  1 


Tlf~  0.5 
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- 19  2 5 

Using  a cross  section  of  2 x 10  cm  , the  gain  is  given  by 


-19  q 


g = 1 x 10 


-2  2 

If  the  area  of  excitation  is  10  cm  , which  is  probably  about  as  small  as 
one  can  go  because  of  practical  problems,  we  find 

g = 1 x 10'17  q . 

This  means  that  for  a single  pass  gain  of  10",  10*®  Quanta  at  326.1  nm  are 
required,  which  corresponds  to  a pulse  energy  of  6 mJ. 


3.2  Pumping  with  a Low  Pressure  Metal  Vapor  Discharge  Lamp 

The  first  method  we  will  study  is  the  use  of  a lamp  containing  the  same  species 
as  the  one  to  be  excited  in  the  lasing  medium.  Two  possible  configurations 
for  such  a scheme  are  shown  in  Figure  3.1.  In  the  first  geometry'  (Figure 
3.1a),  the  lamp  consists  of  two  coaxial  cylinders  between  which  the  vapor  is 
contained.  The  gain  tube  is  placed  in  the  center.  To  obtain  large  output 
powers  from  such  a lamp,  the  radii  of  the  cylinders  should  be  much  larger 
than  the  radius  of  the  qain  tube,  which  itself  should  be  as  small  as  possible 
since  the  gain  is  inversely  proportional  to  the  area  of  this  tube,  as  was 
derived  in  Equation  (3.1.1).  In  the  second  geometry,  the  lamp  and  the  gain 
tube  are  cylinders  which  are  placed  in  the  foci  of  an  elliptical  cavity 
which  is  highly  reflective  at  the  wavelength  of  interest.  We  will  give  a 
very  simnl i fied  derivation  of  the  output  power  of  such  a lamp,  for  both 
geometries,  and  apply  the  results  to  the  Cd  lamp. 

If  the  volume  of  the  lamp  is  V,  the  vaoor  density  N,  and  if  a fraction  of  f 
of  the  vapor  is  excited,  then  the  output  power  is  given  by 

P = -jjVThjv  (3.2.1) 

r/g 

where  r is  the  radiative  lifetime  of  the  species  and  g is  a trapping  factor10 
which  has  a value  less  than  or  equal  to  unity.  If  it  is  assumed  that  the  line 


6 


I 


i J 


is  Doppler  broadened,  which  is  a reasonable  approximation  at  the  low  den- 
sities considered,^  then  the  expression  for  g is:**3 

For  an  infinite  slab  of  thickness  t: 


1.875 


kQt  [n  log  ( j 


(3.2.2) 


For  a cylinder  of  radius  R: 


where 


[kQR  u log  (k0R)]- 


. = \3N  q2  _ 1 

Ko  8 n g^  y/7T  vQt 


(3.2.3) 


(3.2.4) 


(3.2.5) 


The  expression  for  g is  valid  only  when  its  value  is  equal  to  or  less  than 
unity;  for  densities  below  the  value  such  that  this  is  the  case,  no  trapping 
occurs.  This  critical  density  depends  on  the  geometry,  and  is  found  by 
solving  the  expressions  above  for  the  value  of  kQt,  respectively,  koR  which 
makes  the  value  of  g unity.  The  result  is 

For  a slab  thickness  t; 


. Jfivo  (h) 

n ,v3 1 \ h 1 


(3.:. 6) 


For  a cylinder  of  radius  R: 


80  v 

o 

T3  R 


(* ) 


(3.2.7) 
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Since  for  N>  Ncr^  the  trapping  factor  g becomes  less  than  unity,  and  since 
the  output  power  is  proportional  to  g,  the  maximum  output  power  is  obtained 
for  N = Ncr^t»  i-e..  at  the  density  where  trapping  starts  being  important. 

We  will  now  derive  expressions  for  this  maximum  output  power,  for  both 
geometries. 


Geometry  I (Resembles  a slab  of  thickness  R^-R j if  R2~R1  V'^t*av^ 
Substitution  of  (3.2.6)  into  (3.2.1)  yields: 


1.5  x IO'20  v. 


max 


^2 


RLf 


(3.2.8) 


where  R = (Rj  + R2 ) /2 


Geometry  II 

Substitution  of  (3.2.7)  into  (3.2.1)  yields: 


P 

max 


5.0  x 10-21  v. 


g2 


RLf 


(3.2.9) 


The  velocity  vQ  in  these  expressions  is  given  by  (3.2.5).  Note  that  these 
powers  do  not  depend  on  the  lifetime  of  the  species.  The  only  dependence 
on  the  species  is  via  wavelength,  degeneracy  factors  and  the  fraction  of 
exci tation. 


We  now  will  apply  these  results  to  the  326.1  nm  line  of  the  Cd  lamp.  The 
parameters  for  this  case  are: 

\ = 326.1  nm 


M = 112.4 
T - 600  K 
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This  yields  v = 3.2  x 104  cm/sec.  The  Doppler  width  at  this  temperature 
AvD  = y/kT/m.v  <■  = 0.02  cm"1.  The  output  power  of  a Cd  lamp  in  the  two 

geometries  is  then  given  by: 


Geometry  1 


Geometry  1 1 


cri  t 


max 


cri  t 
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0.8  x 101  cm  J 


140  fRL 


0.5  x 1014  cm'3 


P =47  fRL 
max 


(3.2.10) 


(3.2.11) 


Experimentally11  it  has  been  found  that  the  uv  output  power  of  these  lamps 
shows  a maximum  for  a certain  tube  diameter.  For  Cd,  this  optimum  diameter 
is  2.5  cm.11  For  this  diameter,  and  for  a 50-cm  long  length,  using  an  f 
value11  of  3 x 10'3,  we  find  that  the  output  powers  are: 


Geometry  I 


Geometry  II 


max 


max 


50  W 


10  W 


In  Reference  11,  the  number  density  for  maximum  uv  production  in  Cd  has  been 
found  to  be  about  1014  cm'3.  This  is  in  reasonable  agreement  with  the  value 
for  N ^ found  above. 

For  this  case  of  CW  pumping.  Equation  (3.1.1)  for  the  gain  is  actually  ot 
little  use.  This  expression  is  indeed  mainly  useful  for  cases  where  the 
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excitation  pulse  Is  much  shorter  than  the  excited  state  lifetime  of  the 
molecules  formed.  It  can  still  be  used  In  an  Indirect  way,  however.  Since 
the  molecular  excited  state  population  can  only  build  up  for  a time  equal  to 
the  lifetime  of  this  state,  an  effective  number  of  photons  in  the  excitation 
"pulse"  can  be  defined  as  follows: 


q 


* 3 

For  CdHg  , the  lifetime  is  about  3^sec.  For  a lamp  power  of  50  W,  the 
number  of  photons  Is  then 


q * 2.5  x 2014 

For  a typical  gas  mixture:  [ Cd  ] * 5 x 10*7  cm"3,  [ Hg  ] = 2 x 10*8  cm’3, 

19  -3 

and  l M ] = 2 x 10  cm  , the  solution  of  the  rate  equations  in  Section  4 
shows  that  with  this  definition  of  q,  the  formation  efficiency  can  be  50% 
or  greater,  i.e.,  0.5.  Assuming  a spatially  uniform  excitation. 

Equation  (3.1.1)  then  predicts  a gain  of  0.25%. 

In  reality,  the  excitation  will  not  be  uniform,  but  the  photons  from  the  lamp 

17  -3 

will  be  resonantly  absorbed  by  the  high  density  vapor  ( ->•  5 x 10  cm  ) in 
the  laser  tube  in  a thin  shell  near  the  wall. 

For  a gain  tube  of  radius  r,  length  L,  filled  with  vapor  at  density  N,  the 

thickness  of  this  shell  can  be  calculated  approximately  by  saying  that  all 

the  photons  will  be  absorbed  in  a shell  that  contains  a number  of  atoms  equal 

-4 

to  the  number  of  pump  photons  (the  absorption  depth  l/kQ  is  equal  to  10  cm 
at  N = 5 x 1017  cm*3).  Thus 


2 n r A NL  = q 

or 

A s 2n  r ML 
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Example: 


q = 2.5  x 1014 

r = 0.06  xm  (A  = 0.01  cm^) 

L = 50  cm 

N = 5 x 1017  cm*3 

-4 

A = 0.3  x 10  cm 

This  spatial  nonuniformity  has  several  bad  effects.  In  the  excited  shell,  the 
molecular  excited  state  number  density  will  be  very  high,  resulting  in  large 
"gains".  Diffraction,  however,  will  make  it  impossible  to  measure  these 
gains,  and  amplification  will  only  occur  over  a length  roughly  equal  to  a 
confocal  parameter  corresponding  to  a waist  size  A.  The  effective  amplifica- 
tion length  is  thus  approximately  given  by 

Leff  “ 2"i2/x 
-4  -4 

For  A = 0.03  x 10  cm,  Le^  = 10  cm.  This  result  in  a maximum  gain  equal 
to  j NL  ff  = 10* 5 . 

3.3  Flashlamp  Pumping 

In  this  scheme,  the  gain  tube  and  a high  power  flashlamp  are  placed  in  the 
foci  of  an  elliptical  cavity  (Figure  3.2).  This  cavity  has  to  be  highly 
reflecting  at  the  desired  wavelength,  such  that  the  light  can  make  several 
passes  through  the  laser  medium.  A typical  spectral  distribution  for  a high 
power  xenon  flashlamp  is  shown  in  Figure  3.3.  Clearly,  when  such  a lamp  is 
used  to  excite  an  atomic  species,  only  a very  small  fraction  of  the  lamp  energy 
goes  in  atomic  excitation,  while  the  rest  eventually  ends  up  as  heat.  As  in 
the  case  of  metal  vapor  lamps,  only  the  energy  emitted  in  a molecular  excited 
state  lifetime  determines  the  gain  obtainable.  Longer  pulse  lengths  may  make 
it  possible  though  to  reach  the  lasing  threshold  in  cases  where  the  excited 
state  lifetime  is  too  short  to  allow  enough  cavity  round  trips  in  one  lifetime 
to  reach  an  overall  gain  of  about  e3^*.  We  will  derive  an  expression  for  the 
energy  absorbed  by  the  atoms  in  a time  equal  to  the  molecular  excited  state 
lifetime,  assuming  a Lorentzian  lineshape  for  the  absorbers.  The  procedure 
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used  to  obtain  this  result  is  general,  however,  and  can  easily  be  adapted  to 

an  arbitrary  lineshape  (e.g.,  one  that  has  been  measured  experimentally) . 

3 

We  apply  the  results  to  excitation  of  the  5p  Pj  level  of  Cd. 


The  output  energy  of  the  flashlamp  can  be  written  as 


E = J E(v)  dv 
L o 


where  E(v)  is  the  output  per  unit  bandwidth  (see  Figure  3.3).  If  radiation 
over  a bandwidth  B gets  absorbed  by  the  atomic  species,  the  deposited  energy 
is  given  by 


En  = E(v  ) B V 


where 


1 for  TES>  tl 


tes 


for  t 


ES<  tL 


tEs  = Lifetime  of  the  excited 
state  of  the  molecule 


Pulse  length  of  the  lamp 


Another  more  useful  way  of  writing  this  energy  is: 


where 


Tl. 


el  t'd  \ 


E(vq)  B 


E(v)  dv 


(3.3.1) 


By  definition.  Tip  is  the  efficiency  with  which  the  lamp  energy  is  utilized. 

If  the  absorption  cross  section  of  the  atomic  species  is  a(v),  the  reflectivity 
of  the  cavity  wall  R,  the  inner  diameter  of  the  gain  tube  d,  and  the  number 
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density  of  the  absorbing  species  N,  then  after  n passes  the  energy  of  the 
lamp  is  attenuated  by  a factor 


= (Re-(v)N-!)n 


The  bandwidth  B is  found  by  requiring  that  at  the  maximum  detuning  |vQ-v  [ max 
from  line  center  the  attenuation  of  the  vapor  be,  for  example,  e'  . At 
each  reflection  from  the  cavity  wall,  a fraction  (1-R)  of  the  incident  radi- 
ation gets  lost.  One  possible  way  of  defining  a maximum  value  for  n is  then 
to  require  that  no  more  than  50%  of  the  radiation  at  |vQ-  v|max  be  absorbed 
by  the  walls.  A value  for  |vQ-  v|  max  can  then  be  obtained  by  requiring  that 
the  attenuation  coefficient  j / |v  - vl  \ Nd  -*•  1,  such  that  most  of  the 
energy  which  is  not  absorbed  by  the  wall  gets  deposited  in  the  laser  medium*. 


Thus 


and 


0.5 

1-R 


V - V 

o 1 max 


/ Nnd 


(3.3.2) 


To  proceed  beyond  this  point,  we  have  to  assume  a certain  frequency  depen- 
dence for  the  absorption  cross  section.  For  a Lorentzian  lineshape,  this 
12 

dependence  is 


(v) 


r f 
e 

T 


Av 


/ \2  x Av 

(Vp-v)  +-JT 


(3.3.3) 


where 
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r = electron  radius  = 2.818  x 10  cm 
e 

f = oscillator  strength 
withvo,v,Av  in[cm"*j. 

*The  exact  expression  for  the  energy  deposition  efficiency  in  n passes  is 
R(l-e~  J ND)(l-Rne~J  Nnd).  For  0.7«-  R < 0.99,  the  efficiency  varies,  as 
1-Re" J Nd 

n - ^ , between  50%  and  70%. 
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Because  the  detuning  [vQ-  v[max  will  always  be  much  larger  than  the  atomic 

linewidth  and  the  Doppler  width,  the  apparent  spread  in  v due  to  the  veloc- 

® ? 

ity  of  the  atoms  can  be  neglected,  and  also  the  term  (Av  / 2)  can  be  neolected 

2 

with  respect  to  (v  - v)  when  solving  for  the  maximum  detuning.  The  expres- 
sion for  this  detuning  is  then  found  by  combining  (3.3.2)  and  (3.3.3)  with 
the  result 


B 


r f Nd  Av' 

“(1-R) 


* d“  (Av  )“ 


(3.3.4) 


The  energy  which  determines  the  gain  if  found  by  substituting  this  expres- 
sion for  the  bandwidth  in  (3.3.1). 

3 

We  now  apply  these  results  to  the  pumping  of  the  5p  P,  level  of  Cd,  which 

★ ^ 

leads  to  the  formation  of  CdHg  . Due  to  a lack  of  data,  we  will  assume 
that  the  Cd  line  is  self-broadened,  i.e.,Av  = kN.  If  it  turns  out  that  this 
is  not  the  case,  then  because  of  the  square  root  dependence  of  the  deposited 
energy  on  the  atomic  linewidth  Av,  this  energy  will  go  up  by  the  square  root 
of  the  ratio  of  the  real  linewidth  and  the  sel f-broadened  width.  The  param- 
eters for  the  self-broadened  326.1  nm  Cd  line  are: 

f = 0.0019  (Reference  13) 

k = 5.6  x 10'20  (Reference  13) 

R = 0.9  (Reference  14) 

t__  = 3 >isec 

17  3 

For  an  atomic  number  density  N = 5 x lO11^  cm*  , this  yields 

Av  = kN  = 0.028 

B = 8.6VcT 
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From  Figure  3.3,  the  quantity  can  be  calculated.  Because  E(,\)  is  given, 
this  quantity  should  be  rewritten  as 


■u  , ' ' 

J*  d\ 

o r 

_ 5 

The  result  isTip^*  4.5  x 10  B.  Because  the  gain  (3.1.1)  is  proportional 
to  q/A,  and  E^  or  q is  proportional  to  d~  , we  find 
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and  thus  the  diameter  of  the  gain  tube  should  be  as  small  as  possible.  For 
d = 0.1  cm,  which  should  be  about  the  limit,  we  find 


B = 2.7  cm  A 
T1d  = 1.2  x 10 


If,  as  a typical  example,  a Novatron  734  lamp  would  be  used  with  E^  = 10J, 

= 1.5^sec,  we  finally  find 

\ - 1 

Ed  = E^  x x i]t  = 1.2  mJ 

According  to  (3.1.1),  using  a formation  efficiency  = 0.5,  this  would 
result  in  an  estimated  gain  of  2%  for  CdHg.  Note  that  since  the  absorption 
length  is  several  tube  diameters  long  for  most  of  the  radiation  that  gets 
absorbed,  the  excitation  will  be  spatially  uniform,  in  contrast  to  the 
metal -vapor- lamp  scheme. 


3.4  Single-Photon  Pumping  with  a Tunable  Laser 

The  experimental  setup  for  this  scheme  is  shown  in  Figure  3.4.  A high  power 
dye  laser  is  frequency  doubled  to  produce  radiation  at  326  nm.  For  dye  laser 
energies  on  the  order  of  100  mJ/pulse,  as  much  as  10  mJ/pulse  will  be 
available  in  the  doubled  output.  By  tuning  the  dye  laser  off  the  center  of 
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the  absorption  line,  the  absorption  depth  of  the  vapor  can  be  made  equal 
to  the  length  of  the  vapor  zone.  The  gain  obtainable  with  this  scheme  is 
found  by  substituting  the  energy  of  the  pump  laser  in  (3.1.1),  taking  into 
account  the  efficiency  factor  T]t  (see  Section  3.3).  As  an  example,  for  an 
absorption  efficiency  of  63%,  a formation  efficiency  of  50%,  and  a pump 
energy  of  10  mJ  in  a 100  nsec  long  pulse  ( T]t=l)»  a gain  of  10%  is  predicted 
for  the  CdHg  laser.  We  will  derive  expressions  for  the  frequency  of  the 
pump  laser  or,  equivalently,  its  detuning.  We  then  apply  these  results  to 

3 

the  excitation  of  the  5p  P^  level  in  Cd. 

Assuming  a Lorentzian  linesnape,  the  absorption  cross  section  is  then  given 
by: 


a(v  ) = -|- 


<V“>2  + Pf) 


(3.4.1) 


where: 


r = electron  radius  = 2.818  x 10  cm 
e 

f = oscillator  strength 

Av  = pressure  broadened  linewidth 


v Q , v , Av  i n cm 


To  obtain  an  absorption  of  e"1  (Tl  = 63%),  we  need: 

a 


a ( v ) NL  = 1 


Substitution  of  (3.4.1)  in  (3.4.2)  yields: 


(3.4.2) 


IV  v‘ 


r f NL Avl ' 
e 

~ L 2 . 


(3.4.3) 


Note  that  |vQ-  v|  = Av2  . 


Using  the  following  parameters  for  excitation  of  Cd  (5p  liP^), 


f 


.0019 


I 


Av  = 5.6  x 10‘20  N 

v = 30665  cm  1 

o 

2 

A = .01  cm 

L = 50  cm 
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N = 5 x 10x/  cm  J 


Yields  for  a 10  mJ  pulse, 

Av 


and 


0.028  cm” 

= 13.7  cm 


(3.4.4) 


Because  the  pumping  is  done  off-resonance,  the  only  requirement  on  the  band- 
width of  the  dye  laser  is  that  it  be  narrow  compared  to  this  detuning.  Thus, 
a bandwidth  on  the  order  of  one  cm"1  will  usually  be  acceptable. 


3.5  Two-Photon  Pumping  with  a Tunable  Laser 

The  experimental  setup  is  shown  in  Figure  3.5.  A diagram  describing  the 
process  is  shown  in  Figure  3.6.  Multiphoton  pumping  may  be  desirable  over 
single  photon  pumping  in  certain  cases  because  the  pumping  wavelength  is 
longer,  thus  eliminating  the  need  for  a frequency  doubling  step.  As  a result, 
pumping  energies  at  least  an  order  of  magnitude  higher  than  in  the  case  of 
single  photon  pumping  are  available. 

However,  there  may  be  problems  associated  with  two-photon  pumping.  After 
being  pumped  to  a higher  excited  state,  some  atoms  may  decay  into  undesired 
states,  i.e.,  there  may  be  a branching  ratio  less  than  unity. 

For  atoms  like  Cd,  the  sum  of  three  photons  is  in  the  continuum.  At  the 
relatively  high  intensities  used  in  these  experiments  (the  gain  is  proportional 
to  pumping  intensity,  see  (3.1.1)),  this  can  result  in  photoionization  losses 
caused  by  the  ionization  of  atoms  in  the  two-photon  pumped  state.  Because 
of  radiative  trapping,  this  effect  can  be  important  even  when  the  lifetime 
of  that  state  is  very  short. 
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Since  the  experimental  setups  for  single-photon  and  two-photon  pumping  are 
nearly  identical,  however,  it  is  usually  a simple  matter  to  compare  the  pump- 
ing efficiencies  of  both  schemes  by  simply  tuning  the  dye  laser  to  the 
appropriate  wavelengths.  We  will  not  consider  the  case  where  two  different 
wavelengths  are  used  in  the  two-photon  pumping  process.  Aside  from  the 
experimental  complexity,  the  lower  intensities  needed  with  this  method  are 
usually  of  no  advantage  because  of  the  proportionality  of  the  gain  to  in- 
tensity ]see  (3.1.1)]  . 


We  will  give  expressions  for  the  two-photon  absorption  coefficient  and 
the  Stark  shift  of  the  two-photon  resonance.  These  dynamic  shifts  are 
usually  very  small,  but  not  necessarily  for  atoms  like  Cd  for  which  high 
pumping  intensities  are  required  because  of  the  small  oscillator  strength 
of  the  0 "*  1 transition  (see  Figure  3.6a).  We  will  then  apply  these  results 

3 

to  the  example  of  populating  the  5p  P..  level  in  Cd  by  two-photon  absorption 

3 1 3 

to  the  6s  S level  followed  by  decay  to  the  5p  state  (Figure  3.6b). 


The  two-photon  absorption  coefficient  for  a vapor  zone  of  length  L is  given 

i 15 
by: 


W' 


Tl, 


I ^ NL  hvQ  /I 
1 + W(2)  NL  hvQ  /I 


(3.5.1) 


The  gain  expression  (3.1.1)  can  for  the  case  of  two-photon  pumping  be 
written  as 


g = 0-5  T\a  Tlf  TltTlB<J 


(3.5.2) 


where  the  factor  0.5  is  due  to  the  fact  that  two  photons  are  required  to 
make  one  atom  in  the  final  excited  state,  the  factor  Tig  is  the  branching  ratio, 
and  the  factor'll  was  defined  in  Section  3.3.  The  two-photon  absorption 

t 1 C 

probability  is  given  by: 


rr-  j.  2 2 2 t2 

j(2)  _v2rrT]o  ^ 01  ^ 12  1 

, 4 , ,2 

h U10-*o)  5 


(3.5.3) 
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where  T]  = 377  ohms,  6 is  the  laser  linewidth  ( 6 a 1.2  x FWHM)  in  radians, 
n. q j and  p,  ^2  are  matrix  elements,  and  I is  the  pump  intensity.  This  expres- 
sion is  valid  when  the  laser  bandwidth  is  wider  than  the  atomic  and  Doppler 
widths,  and  the  atomic  linewidth  is  larger  than  the  axial  mode  spacing  of  the 
tunable  laser.  At  reasonably  high  total  pressures  (several  tens  of  Torrs), 
these  conditions  are  usually  satisfied.  The  focusing  length  is  given  by:*2’^ 


Z 


f 


(3.5.4) 


where  d is  the  beam  diameter  and  sn  is  the  Kerr  contribution  to  the  index  of 
refraction.  If  the  pump  radiation  consists  of  a number  of  axial  modes  with 
spacing  Aoj  , the  index  of  refraction  for  the  m'th  mode  (with  frequency 
ju  = ^20/2  + Aoj ) is  given  by:^ 


(n  - 1) 


2 2 

\ N ^oi  w’  12  ^ m Aw 

S X o Z 7 

2 eo  h ^10  "‘“o^  (mAair+4|- 


(3.5.5) 


where  y is  the  linewidth  of  the  forbidden  transition.  Note  that  for  the  mode 
which  is  exactly  two-photon  resonant  (m  = 0),  (n  -1),  while  the  maximum 
value  of  (n  - 1)  occurs  for  the  modes  for  which  (raioi)  y/2.  The  expression 
for  the  Stark  shift  is: ^ 


\ 1 

A“s  = 7T  x 

a 


S 

k 


M- 


2K  d)k2 


2 2 
M k2  ' *0 


E 

k 


’Ok  ^kO 


J,k0  _JJo 


(3.5.6) 


The  sums  over  k refer  to  all  the  allowed  transitions  starting  in  level  2 for 
the  first  sum  and  0 for  the  second  sum.  In  many  cases  the  oscillator  strength 
fj2  is  not  known.  It  is  therefore  useful  to  study  the  dependence  of  T|fl, 
and  A*;s  on  this  quantity.  From  (3.5.1),  (3.5.5),  and  (3.5.6): 
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The  dependence  of  A.*s  on  f^  I is  not  immediately  obvious,  but  it  turns  out 
that  in  many  cases  the  contribution  of  the  2-  1 transition  is  dominant  or 
at  least  comparable  to  the  other  terms  in  the  summations  (3.5.6).  We  thus 


find  that,  for  a given  value  of  T|  , the  product  of  f,9  I is  fixed,  which  then 

d ll 

in  turn  determines  the  values  of  (n  - 1)  and  A,}  As  a result,  an  exact 
knowledge  of  f^  is  not  crucial;  for  example,  if  f^  is  a factor  of  two 
smaller  than  exDected,  this  can  be  compensated  for  by  focusing  fighter, 
if  without  affecting  the  index  of  refraction  and  the  Stark  shift.  A higher 

intensity  may  result  in  increased  ionization  losses,  however. 


We  will  now  apply  these  results  to  the  Cd  example.  For  the  transitions 
5p  3P^  j 2 - 6s  3S  we  will  assume  a total  oscillator  strength  of  one,  and 
split  it  among  the  three  lines  following  Reference  18.  The  parameters  that 
will  be  used  in  the  calculations  are  listed  in  Table  3.1. 

Table  3.1  Energy  Levels  and  Transition  Strengths  for  Cd 


Transition 

Energy 

(cm-1) 

f 

M (C-m) 

5s  lS  - 5p  3Pl 

0 - 30656 

o 

o 

VO 

CD 

7.0  x 10"31 

5s  h - 5p  *P 

0 - 43692 

.92(13) 

1.3  x 10"29 

5P  3po  ) 

30114  > 

. 

★ 

.13 

7.0  x 10'30 

1 

★ 

5p3Pi 

> - 6s  3S 

30656  ' 

1 

[ - 51484 

★ 

.25 

-29 

1.0  x 10 

L 

1 

★ 

5P  3P2  J 

1 

31827  J 

1 

★ 

.62 

-?Q 

1.6  x 10 

♦Estimates 
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To  calculate  and  (n  - 1),  we  use  the  path:  5s  H - 5p  3Pj  - 6s  3S 
5p  Pj-  5s  1S.  To  calculate  A^s,  we  use  the  transitions  6s  *S  - 5p  3PQ  ^ , 
in  the  first  sum,  and  the  transition  5s  *S  - 5p  *P  in  the  second  sum  in 
(2.4.6).  The  results  of  these  calculations  are: 


W<2>  - IQ'10  I2/6 


5 x 10'29  NL  1/5 


1 + 5 x 10'^  NL  1/6 


n - 1 = 6 x lO'03  N I x 


A>2  = 2.5  x 10'10  I 


(mAdu)2  + ^“2^ 


(3.5.8) 


where  I is  in  W/cm  , N in  cm  , L in  cm,  6 , m Aju  , y , and  AU  in  cm'*. 


Example 


N = 5 x 1017  cm'3 


L = 50  cm 


6 = 0.12  cm" 


Y = 0.05  cm" 


To  obtain  T)a  = 0.2,  the  required  intensity  is  I = 2.4  x 107  W/cm2.  For  a 
100  nJ,  100  nsec  long  pulse,  the  corresponding  beam  parameters  are: 


A = P/I 


= 0.04  cm 


d = 4 AAr  = 0.23  cm 


For  the  Kerr  index,  the  focusing  length  and  the  Stark  shift,  one  finds: 


♦Estimate 
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n - 1 < 1.4  x 10'8 

Zf  > 500  cm 

Ail  •=“  0 . 006  cm"  * « 6 

s 

With  Hg  = 0.27,  l’it  = 1,  Tj ^ = 0.5,  the  gain  (3.5.2)  for  this  example  is: 
g = 0.5  x 0.2  x 0.5  x 1 x 0.27  x 2 x 10‘19  x 2 x 1017/0. 04  = 1.4% 


If  the  laser  bandwidth  would  be  increased  by  a factor  16  to  a FWHM  value  of 

1.6  cm’*,  the  intensity  required  to  keep  the  same  absorption  efficiency  would 

8 2 

go  up  by  a factor  of  four  to  I 10  W/cm  . For  the  same  pump  energy,  this 

2 

would  require  A = 0.01  cm  . The  gain  would  then  also  be  four  times  higher, 
i.e.,  g -*■  6.4%,  while  250  cm  and  Ail  = 0.024  cm’*«  6. 


For  Cd  the  sum  of  three  photons  (such  that  the  sum  of  two  photons  is  two 
photon  resonant)  is  in  the  continuum,  and  attention  should  be  paid  to 
ionization  of  the  atoms  in  the  two-photon  excited  level.  In  the  absence  of 
radiative  trapping  for  the  2 - 1 transition  (see  Figure  3.6a),  the  ionization 
probability  during  the  lifetime  of  level  2 must  be  much  less  than  unity, 
i.e. , 

Wi  T < 1 

or 

< IT  (3.5.9) 

18  > 2 

For  the  Cd  example,  with  r 1 nsec  and  I = 10  W/cm  , this  requires 

.too  i q 

<5  x 10  cm  . Since  typically 


the  effect  of  ionization  would  most  likely  be  small.  However,  because  of  the 
relatively  high  densities  in  level  1,  trapping  will  occur.  As  a result,  the 
radiative  lifetime  has  to  be  replaced  by  an  effective  lifetime  T/g,  where:*8 
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1.115 
(n  kp  R)2 


(3.5.10) 


. _ A ^N1  ' V ^1  _1_ 

P Z1  92  *T 

and  g2  are  degeneracy  factors,  and  Y is  the  pressure  broadened  linewidth 

of  the  2 -*  1 transition  (in  radians).  For  the  Cd  example,  X = 480  nm, 

-9  -1* 

gj  * g2»  t =*  10  sec  and  v ^ 1 cm  (due  to  the  buffer  gas).  This  yields: 

k = 2 x 10'12  (Nj  - N2) 


4.5  x 10' 


(Nj  - N2)2  R2 


-2  2 

For  a beam  radius  of  .16  cm  (A  = 10  cm  ): 


g = 1-9  x 10u 
(Nj  - N2)2 

The  population  difference  Nj  - N2  varies  in  time,  according  to  the  rate 
equations  (see  Figure  3.7). 

N2  = Rp  - W.  N2  - g N2/t 

Nj  = g n2/t 

(21 

where  R0  = NWV  . These  equations  can  be  solved  numerically  for  various 

values  for  W. , or,  for  a given  intensity,  fora,.  = W.hv/I.  In  the  case  of 

Cd,  level  1 is  actually  a set  of  3 levels,  with  different  lifetimes  for  each 

transition,  but  in  this  calculation  we  will  use  an  average  lifetime  of  1 nsec 

8 2 

for  the  multiplet.  Figure  3.8  shows  some  results,  for  I = 10  W/cm  . For 

-19  2 

cross  sections  below  10  cm  , the  effect  of  ionization  on  the  population 

- 18  2 

Nj  is  small.  For  a cross  section  of  10  cm  , however,  ionization  results 
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Time  (nsec) 

3 

Figure  3.8  Effect  of  Radiative  Trapping  and  Photoionization  on  the  PopulationBuild-Up  in  the  5p  Pj 

Level  of  Cd  _pn  -ig  -18  2 

(1)  No  trapping,  a.  =0;  (2)  - (5)  With  Trapping,  a.  = 0,  10  , 10  , 10  cm 


in  a factor  of  five  decrease  for  the  population  of  level  1.  This  would 
result  in  a corresponding  decrease  in  the  gain. 

3.6  Conclusions  of  Excitation  Method  Study 

a.  Metal  vapor  discharge  lamps 

The  gains  obtainable  with  this  method  are  very  small.  In 
addition,  the  spatial  inhomogeneity  of  the  excitation  would 
make  the  interpretation  of  experimental  data  very  difficult. 

b.  Flashlamp  pumping 

Gains  up  to  2%  are  predicted  for  CdHg  for  a 10J,  1.5  ^sec 
Dulse.  However,  there  mav  be  considerable  Droblems  associ- 
ated with  havinq  a hiah  temperature  laser  tube  in  an  ell i Dti ca 1 
cavitv  toaether  with  a flashlamD.  which  normally  reauires 
water  cool i no. 

c.  Sinqle-ohoton  laser  Dumping 

For  a 10  mJ  doubled  dve-laser  Dulse  at  326.1  nm,  gains  on 
the  order  of  UTS  are  predicted  for  CdHg.  Except  for  the 
fact  that  different  dyes  may  be  needed  for  the  excitation 
of  different  atoms,  the  method  is  general. 

d.  Two-photon  laser  pumping 

For  a 100  mJ  dye  laser  pulse  at  388.5  nm,  gains  of  about  6" 
are  predicted  for  CdHg,  if  photoionization  losses  are  low. 
Advantages  of  this  method  are  that  no  doubling  crystal  is 
required,  there  are  no  focusing  problems,  and  the  method 
is  general.  However,  for  elements  like  Cd  there  are  con- 
siderable uncertainties  about  the  actual  excited  state 
populations  that  might  be  obtained  because  of  the  possibility 
of  photoionization.  As  a result,  it  would  be  risky  to 
select  this  method  as  an  only  choice.  Since  the  setup  for 
this  scheme  is  identical  to  the  one  needed  for  single- 
photon pumping,  however,  it  would  be  a simple  matter  to 
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compare  the  efficiency  of  both  methods  experimentally 
for  each  particular  case. 


As  a result  of  this  study,  it  was  decided  to  use  single- 
photon pumping  by  a tunable  laser  to  excite  the  Cd  atoms. 
Detailes  of  the  experimental  apparatus  are  discussed  in 
Section  5. 


S 


4 . 0 KINETIC  MODELING  OF  THE  CdHg  SYSTEM 


In  order  to  determine  the  optimal  gas  mixtures  and  the  CdHg*  population  density 
which  results  from  optical  excitation  of  Cd,  the  system  was  modeled  by  a set  of 
coupled  rate  equations.  Processes  and  rates  which  were  included  are  summarized 
in  Table  4.1.  These  are  illustrated  diagramatical ly  in  Figure  4.1. 

Table  4.1  Kinetics  of  CdHg  with  Optical  Excitation  of  Cd  (5  3Pj) 


Reaction 

Rate 

Source 

1.  Cd  + 

liv 

★ 

Cd 

/T( 

, t )c  ( v ,v  o ) dv 

hv0 

2.  Cd*  + 

Hg  + M 

- 

CdHg* 

6 x 

10"jl  cm^  -s~l 

Ref. 

6 

3.  CdHg* 

— ♦ 

Cd  + Hg  + hv 

2.1 

x 10^  s"1 

NRTC 

4.  CdHg+ 

+ Cd  + M 

— ♦ 

Cd2Hg  + M 

- 

5.  CdHg* 

+ Hg  + M 

- 

CdHg2  + M 

- 

6.  CdHg* 

+ CdHg 

Products 

2.5 

x 10"11  cm3-s-1 

Ref. 

6 

7.  Cd*  + 

Cd  + M 

— t 

Cd2  + M 

3 x 

10'31  cm6  -s'1 

Ref. 

5 

8.  Cd* 

— t 

Cd  + Cd  + hv 

3.3 

x 105  s’1 

Ref. 

6 

3 * 

In  this  model,  the  5 P^  level  of  cadmium  (Cd  ) is  pumped  optically  at  a rate 


kx(t)  = 


/I  (v  ,t)a  (v  ,v0)dv 


hv. 


(4.1.1) 


Here  I(v,t)is  the  pump  source  intensity  as  a function  of  frequency  and  time, 
and  a(v,v0)  is  the  atomic  absorption  cross  section  centered  at  frequency  vQ. 

★ 

Three-body  collisions  between  Cd  , Hg,  and  a buffer  gas,  such  as  Ar,  form  the 
★ 

excimer  CdHg  . There  are  indications  that  two  excimer  levels  in  CdHg  are  res- 
ponsible  for  the  blue  emission.  For  the  present  purposes,  these  two  levels 
are  grouped  and  treated  as  one  excimer  state.  A model  incorporating  two  levels 
is  discussed  later  in  conjunction  with  experimental  results  from  this  work. 
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★ 

Removal  of  CdHg  can  occur  from  radiative  decay,  biexcimer  quenching,  or  three- 

body  quenching  with  Cd  or  Hg.  Loss  of  excited  cadmium  atoms  by  radiation  is 

neglected.  Although  the  Cd*  radiative  lifetime  is  about  3 ns,  calculations 

17  -3 

show  that  with  Cd  densities  on  the  order  of  10  cm  , radiative  trapping 
causes  the  effective  lifetime  to  be  much  longer.  Dimerization  of  Cd  is  includ- 
ed as  a loss  mechanism  for  Cd*. 

On  the  basis  of  the  reactions  listed  in  Table  4.1,  it  is  possible  to  estimate 
optimal  number  densities  for  Cd  and  Hg.  In  order  to  maximize  formation  of 
CdHg*  relative  to  Cd2>  it  is  required  that 

k2  [Hg]  >k?[Cd].  (4.1.2) 

★ * 

A ratio  of  10:1  for  formation  of  CdHg  relative  to  Cd2  is  probably  reasonable, 
so 

k2  [Hg]  = 10  ky  [Cd] . (4.1.3) 

Thus  the  ratio  of  [Hg]to  [Cd]  should  be 

[Hg]/[Cd]  = 10  k?/k2  = 5.  (4.1.4) 

Because  of  the  spectral  width  of  the  pump  pulse,  Cd  number  densities  on  the 
17  -3 

order  of  4 x 10  cm  are  needed  for  efficient  absorption  of  the  pump  radia- 

18-3 

tion.  This  indicates  that  Hg  number  densities  on  the  order  of  2 x 10  cm 

are  required.  It  is  not  advisable  to  have  Hg  number  densities  much  higher  than 

this  value  because  of  possible  absorption  at  326  nm  by  ground  state  Hg2>  For 

this  reason,  argon  is  used  to  increase  the  three-body  formation  rate  of  CdHg. 

18  - 3 

The  Ar  density  should  be  limited  to  about  8 x 10  cm  to  avoid  excess  pres- 
sure when  the  quartz  cell  is  heated. 

Differential  rate  equations  for  the  system  of  equations  listed  in  Table  4.1 

were  derived  and  integrated  as  a function  of  time  to  predict  number  densities 
★ ★ ★ 

for  Cd  , CdHg  , and  Cd0.  Integration  was  performed  numerically  using  a fourth- 
order  Runge-Kutta  method. 
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The  optical  excitation  pulse  was  modeled  as  a triangular  waveform  having  a 

FWHM  of  about  one  microsecond.  A pump  energy  of  0.25  mJ  was  assumed  to  be 

3 

deposited  in  a volume  of  0.5  cm  . 

These  conditions  closely  approximate  tne  experimental  conditions  when  the  50  cm 
long  metal  vapor  cell,  described  in  Section  5,  is  pumped  with  a frequency  dou- 
bled, Chromatix  CMX-4  dye  laser.  Figure  4.2  shows  the  results  of  these  calcu- 

★ ★ ★ 

lations.  It  is  seen  that  Cd  rapidly  forms  CdHg  and  that  CdHg  densities  are 

★ 

about  a factor  of  ten  greater  than  Cd^  densities.  At  these  low  excited  state 
densities,  biexcimer  quenching  processes  (Step  6 in  Table  4.1)  are  unimportant, 
although  they  were  included  in  the  calculations.  Since  rate  constants  for  the 
trimer  formation  reactions  (Steps  4 and  5)  are  not  known,  it  is  assumed  at  this 

oo  £ 1 

time  that  these  processes  are  negligible.  A value  of  k = 10  cm  -s'  was 
assumed  for  each  of  these  steps. 

Another  calculation  was  done  to  estimate  the  kinetic  efficiency  for  formation 

* * * 14-3 

of  CdHg  from  Cd  . Here  an  initial  Cd  density  of  5 x 10  cm  was  assumed, 

★ 

and  the  equations  were  integrated  to  find  the  maximum  CdHg  density.  These 
results  are  shown  in  Figure  4.3.  Formation  efficiencies  exceeding  80"  are 
predicted,  assuming  quenching  processes  are  small.  Actually,  since  the  value 
for  (radiative  decay  of  CdHg  ) is  taken  from  fluorescence  measurements  ob- 
tained under  experimental  conditions  similar  to  those  of  the  gain  studies,  this 
value  includes  any  quenching  which  may  be  present.  Thus,  it  is  proper  to 
exclude  additional  quenching  for  the  purposes  of  these  calculations. 


5.0  EXPERIMENTAL  APPARATUS 

5 . 1 Metal  Vapor  Cell 

A special  cell,  designed  for  laser  excitation  of  metal  vapors  was  constructed 
for  these  experiments.  This  is  showp  in  Figure  5.1.  The  entire  heated  portion 
is  fabricated  from  quartz  to  allow  operation  at  temperatures  in  excess  of  600  C 
if  necessary.  Quartz  windows  for  entrance  and  exit  of  the  laser  beams  are  fused 
to  the  body  of  the  cell  at  Brewster's  angle  to  reduce  transmission  losses.  The 
windows  are  heated  to  the  same  temperature  as  the  rest  of  the  cell  and  are  iso- 
lated from  the  cooler  laboratory  atmosphere  by  a vacuum  space.  This  prevents 
metal  condensation  on  the  windows  as  well  as  distortion  of  the  laser  beams  due 
to  thermal  gradients.  The  cell  shown  in  Figure  5.1  has  an  optically  excited 
volume  which  is  1 mm  in  diameter  and  50  cm  in  length.  Special  high  temperature 
heating  tape  is  used  to  achieve  the  necessary  temperatures  in  the  cell,  which 
is  contained  in  an  insulating  enclosure  of  fire  bricks  and  Pyrex  wool. 


Cell  temperatures  are  measured  with  six  chromel-alumel  thermocouples  held  against 

the  quartz  surface  by  asbestos  tape  at  locations  shown  in  Figure  5.2.  Cadmium 

densities  are  regulated  by  controlling  the  temperature  of  a side  arm  separately 

from  the  main  cell  temperature.  Cadmium  partial  pressures  are  found  either  by 
20 

using  a graph  of  pressure  versus  temperature  or  an  empirical  relationship 

21 

between  pressure  and  temperature. 


109  PCd  = 12.467  - ^2.  - 1.234  log  T - 0.000156  T (5.1.1) 


In  the  above  equation,  P^  is  given  in  Torr  and  T is  the  side  arm  temperature 
expressed  in  degrees  Kelvin.  The  cadmium  number  density  in  the  upper  cell  is 
then  found  using  the  ideal  gas  law 


Cd 


'Cd 


k T 


cel  1 


(5.1.2) 


If  P^j  is  measured  in  Torr,  n^  in  cm 


-3 


and  Tceli  in  degrees  Kelvin,  then  the 
appropriate  value  of  the  gas  constant  is  k = 1.04  x 10"^.  Under  certain  con- 
ditions, the  formation  of  a cadmium-mercury  amalgam  can  strongly  influence  the 
cadmium  vapor  pressure. ^ This  effect  is  most  important  at  lower  cell  tempera- 
tures, and  it  becomes  negligible  at  temperatures  typically  used  in  the  NRTC 
experiments . 
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Since  the  boiling  point  of  mercury  is  only  370  C,  it  is  necessary  to  distill 
the  desired  amount  of  Hg  into  the  cell  prior  to  sealing  it.  When  introducing 
metals  into  the  cell,  cleanliness  is  extremely  important.  For  these  experi- 
ments, a careful  distillation  procedure  was  used.  First,  the  desired  amounts 

of  mercury  and  cadmium  were  weighed  on  an  analytical  balance.  Since  the  total 

3 

volume  of  the  cell  is  54  cm  , 36  mg  of  Hg  are  required  for  a number  density  of 
18  -3 

2 x 1C  cm  . A total  of  40  mg  of  Hg  was  used  to  allow  for  a small  loss  in 
transferring  the  metal.  It  was  desired  to  have  an  excess  of  Cd,  so  40  mg  of 
this  metal  was  also  weighed  out.  The  distillation  procedure  used  is  described 
in  the  following  paragraphs. 

A Pyrex  tube  was  fabricated  as  shown  in  Figure  5.3.  Attached  to  this  tube  was 
a quartz  ampule  to  contain  the  Cd  and  Hg.  This  was  heated  with  heating  tapes 
and  pumped  with  a liquid  nitrogen  trapped  diffusion  pump  to  a pressure  on  the 
order  of  1 x 10'®  Torr.  The  tube  was  then  cooled  and  pressurized  with  high 
purity  argon.  Using  a torch,  point  A was  opened  and  the  metals  introduced  to 
point  C.  Point  B was  then  sealed  with  a torch  after  which  point  C was  cooled 
in  liquid  nitrogen.  At  this  time,  the  tube  was  reevacuated,  and  the  U-trap  at 
point  E was  cooled  with  liquid  nitrogen.  Point  C was  then  warmed  and  a low 
temperature  torch  was  used  to  gently  drive  the  metals  into  the  U-tube  at  point  E. 
With  the  tube  under  vacuum,  point  D and  then  point  F were  sealed.  The  U-tube 
was  then  warmed  and  the  metals  driven  into  the  ampule,  after  which  point  G was 
sealed.  The  ampule  was  then  attached  to  the  high  temperature  cell.  During 
the  transfer  process,  the  mercury  transferred  first  at  lower  temperatures  and 
did  not  appear  to  leave  any  visible  residue.  Higher  temperatures  were  required 
to  transport  the  Cd,  and  a small  residue  was  left  behind  at  point  C.  After  the 
ampule  was  attached  to  the  cell,  the  whole  apparatus  was  baked  and  pumped  to 
about  1 x 10'®  Torr.  Following  the  baking  and  pumping,  260  Torr  of  purified 
argon  was  added  to  the  cell,  which  was  then  sealed  off.  Under  these  conditions, 
the  estimated  number  densities  in  the  cell  are: 

Ar:  8.5  x 10^  cm'3 

Hg:  2 x 1018  cm'3 

Cd:  0.1-4  x 10*7  cm’8,  controlled 

by  side-arm  temperature. 


41 


To  Cold  Trap  and 
Diffusion  Pump 


Quartz  to 


Pyrex  Seal 


—Quartz  Ampule 
for  Hg  and  Cd 


Figure  5.3  System  for  Filling  Ampule  with  Hg  and  Cd 


I 
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An  indication  of  cell  cleanliness  is  the  lack  of  any  visible  fluorescence 
excited  by  either  an  argon-ion  laser  or  a uv  laser  at  wavelengths  near,  but 
not  on,  the  Cd  absorption  line. 

5.3  Gain/Absorption  Probe 

A Coherent  Radiation  Model  54  argon-ion  laser  is  used  as  a probe  for  either 
gain  or  absorption  in  the  CdHg  blue  fluorescence  band.  This  laser  produces 
continuous  output  with  powers  up  to  several  hundred  milliwatts  at  several  wave- 
lengths in  the  CdHg  spectrum.  These  are  listed  in  Table  5.1  below: 

Table  5.1  Argon-Ion  Laser  Wavelengths 

X 

(nm) 


457.9 

472.7 

476.5 
488.0 

496.5 

501.7 

514.5 


Sir'*  the  output  of  the  probe  laser  had  about  4%  amplitude  noise  at  frequencies 
between  0.1  to  1 MHz,  a differential  detection  method,  described  in  Section  5.4 
was  used.  This  noise  varied  with  probe  wavelength.  Lowest  noise  occurred  at 
457.9  and  496.5  nm,  while  the  highest  noise  was  at  488  nm. 


5.4  Detection  System  and  Electronics 

In  order  to  achieve  high  detection  sensitivity,  a special  differential  ampli- 
fier was  designed  and  built.  A schematic  diagram  of  this  device  is  shown  in 
Figure  5.4.  Two  silicon  photodiodes  are  used  to  observe  the  probe  beam  and  a 

: 

portion  of  the  argon-ion  laser  beam  which  has  bypassed  the  metal  vapor  cell 
(reference  beam).  These  photodiodes  are  reverse  biased  and  their  output 
currents  are  summed  at  the  inverting  input  of  a high  speed  operational  ampli- 
fier (LH0032).  The  circuit  is  designed  so  that  with  equal  light  intensity 
on  each  photodiode,  the  resulting  currents  cancel  and  there  is  no  output.  Small 
changes  in  one  of  the  light  beams  create  an  imbalance  which  is  amplified,  whereas 
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cx- a 01  uf  c2- 10  uf 

+ V 15  Volts 

- V • - 15  Volts 

PD1, 2 - United  Detector  Technology  PIN5-UV  Photodiode 


Figure  5.4  Differential  Amplifier  for  Gain/Absorption  Measurements 


intensity  variations  common  to  both  laser  beams  tend  to  cancel.  This  is  impor- 
tant, since  the  argon-ion  laser  has  up  to  4%  amplitude  noise.  The  relation  be- 
tween the  output  voltage  and  input  current  depends  on  the  feedback  resistor,  R^, 
in  the  equation 


V 


out 


Rf  !in 


(5.4.1) 


The  final  amplifier  shown  in  Figure  5.4  is  a high  speed,  unity  gain  buffer 
(LH0063)  which  is  able  to  drive  a 50  ohm  transmission  line  leading  to  a storage 
oscilloscope. 


In-  using  the  circuit  shown  in  Figure  5.4  to  find  a fractional  change  in  the 
probe  beam  intensity,  it  is  necessary  to  compare  a high  speed  pulse  signal  (the 
gain  or  absorption  change)  to  the  dc  signal  level  of  the  probe  beam  when  it 
strikes  only  the  probe  photodiode.  Thus  it  is  necessary  to  know  where  the  high 
frequency  response  of  the  circuit  begins  to  roll  off.  To  determine  this,  a 7 ns 
pulse  from  a frequency-doubled  Nd:YAG  laser  was  allowed  to  strike  the  probe 
photodio.de.  The  resulting  signal  showed  a 0.32  ns  exponential  decay,  indicating 
the  circuit  transfer  function  is  that  of  an  RC  low  pass  filter  having  a time 
constant  of  T = 0.32  p,s. 

9(s)  = — r (5.4.2) 

s + - 
T 

Pulses  similar  to  those  observed  experimentally  (see  Figure  6.6)  were  modeled 
using  the  transfer  function  in  Equation  (5.4.2).  It  was  found  that  some  de- 
gradation in  pulse  rise  time  occurs,  and  that  the  peak  value  is  attenuated 
about  15‘o.  Results  reported  here  are ‘not  corrected  for  this  attenuation,  so 
actual  absorption  values  may  be  slightly  greater  than  those  stated. 

In  addition  to  the  Nd:YAG  laser  measurement  of  circuit  pulse  response,  the  l^s 
wide  pulse  from  the  CMX-4  dye  laser  (see  Section  5.5)  was  also  measured  using 
the  circuit  in  Figure  5.4.  The  resulting  pulse  shape  was  compared  to  that 
observed  using  a fast  planar  photodiode.  A slight  degradation  in  rise  time 
was  observed,  but  the  decay  time  and  pulsewidth  were  not  affected. 
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5.5 


326.1  nm  Excitation  Source 


Several  different  methods  have  been  used  to  generate  the  326.1  nm  radiation 
needed  for  excitation  of  the  cadmium  atoms.  For  low  pulse  energies,  a 
Chromatix  CMX-4,  equipped  with  intracavity  frequency  doubling  crystals,  is 
used.  Approximately  0.3  mJ  is  generated  at  326.1  nm  in  a 1 ^.s  FWHM  pulse, 
having  a spectral  width  of  about  5.5  cm-'''. 

To  obtain  higher  energies  at  326.1  nm,  a coaxial  flashlamp  pumped  dye  laser  is 
used  to  generate  output  at  652.2  nm  which  is  frequency-doubled  by  a KDP  crystal. 
Approximately  120  mJ  is  produced  at  the  red  wavelength,  leading  to  second  har- 
monic energies  up  to  5 mJ  per  pulse. 

22 

A negative  branch  unstable  resonator  is  used  to  improve  the  spatial  mode  of 

the  coaxial  dye  laser.  Since  this  approach  makes  frequency  tuning  of  the  dye 
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laser  difficult,  the  CMX-4  dye  laser  is  used  to  injection  lock  the  higher 
power  dye  laser.  This  technique  works  very  well,  concentrating  nearly  all  of 
the  coaxial  dye  laser  energy  into  a linewidth  determined  by  the  width  of  the 
CMX-4  output  (~3  cm"'*').  From  Equation  (4.4.4),  the  necessary  detuning  of  the 
uv  laser  from  the  Cd  absorption  line  center  is  estimated  to  be  about  14  cm~*. 
This  detuning  is  greater  than  the  laser  linewidth  and  in  practice,  the  optimum 
pump  laser  wavelength  is  determined  experimentally  by  measuring  the  transmitted 
intensity  through  the  heated  metal  vapor  cell. 

5.6  Experimental  Facility 

Figure  5.5  is  a diagram  showing  the  relationship  of  the  various  experimental 
elements  of  the  CdHg  facility.  The  uv  beam  from  the  CMX-4  laser  is  condensed 
to  about  1 mm  diameter  by  telescope  1 and  directed  through  the  metal  vapor  cell. 
Photodiodes  PD^  and  PD2  monitor  input  and  transmitted  intensities  with  the  laser 
tuned  to  the  Cd  atomic  resonance  and  just  off-resonance  in  order  to  determine 
the  fraction  of  energy  absorbed  in  the  cell. 

Figure  5.6  shows  the  arrangement  incorporating  the  Phase-R  coaxial  flashlamp 
dye  laser  used  to  obtain  higher  pulse  energies.  Output  from  the  CMX-4  is  mode- 
matched  with  a telescope  and  coupled  into  the  Phase-R  th *ough  a 45°  mirror  which 
transmits  about  5%  at  652  nm.  The  injection-locked  dye  output  is  then  frequency- 
doubled  by  a KDP  crystal  to  obtain  up  to  5 mJ  at  326  nm. 
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Experimental  Facility  for  CdHg  Gain/ Absorption  Experiments 


Synchronisation  Signal 


igher  Pump  Energies 
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The  argon-ion  laser  probe  beam  is  condensed  by  telescope  2 and  a portion  is 
directed  through  the  cell.  Apertures,  A,  are  used  to  spatially  overlap  the 
uv  pump  beam  and  the  probe  beam.  The  probe  beam  and  a portion  bypassing  the 
cell  (reference  beam)  are  loosely  focused  on  the  two  photodiodes  of  the  dif- 
ferential amplifier  described  in  Section  5.4.  A variable  neutral  density  fil- 
ter is  placed  in  the  reference  beam  to  equalize  the  light  intensity  on  the  two 
diodes  when  no  gain  or  absorption  is  present.  When  this  is  done,  the  high 
frequency  amplitude  noise  on  the  argon-ion  laser  beam  is  reduced  about  an 
order  of  magnitude  because  of  cancellation  by  the  two  diodes.  A 1P28  photo- 
multiplier tube  views  the  CdHg  fluorescence  through  the  side  of  the  cell  and 
this  signal  can  also  be  displayed  on  the  oscilloscope  for  comparison  with  any 
gain  or  absorption  signal.  This  photomultiplier  is  used  with  a special  base 
having  capacitors  across  the  last  dynode  stages  to  improve  the  response  to 
pulsed  signals. 
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6.0  EXPERIMENTAL  RESULTS 

6. 1 Fluorescence  Measurements 

18  3 

With  the  metal  vapor  cell  containing  a mixture  of  n.  = 8.5  x 10  cm"  , 

4 A A **  ^ 

nHg  = 2 x 10ia  cm  , and  n^  = 0.1  to  4 x 101'  cm‘3  as  described  in  Section  5, 
fluorescence  measurements  of  the  blue  CdHg  emission  were  made.  With  the  ex- 
ception of  data  presented  in  Figure  6.4,  the  CMX-4  dye  laser  described  in 
Section  5.5  was  used  for  all  measurements  in  this  section. 

First,  a fluorescence  spectrum  was  obtained.  For  this  purpose,  a 1/4  meter 
grating  spectrograph  equipped  with  1P28  photomultiplier  was  used.  Corrections 
for  detection  system  response  were  applied  to  the  spectrum  which  is  shown  in 
Figure  6.1,  along  with  positions  of  argon-ion  probe  laser  lines  used  at  NRTC 
for  absorption  measurements.  The  spectrum  shows  several  important  features. 

First,  the  broad  continuous  emission  matches  previously  published  spectra  of 

3 * 

CdHg;  however,  it  has  a stronger  red  wing  than  spectra  of  Cd9  obtained  by 

24  ^ 

Drul linger  and  Stock.  The  blue  emission  is  present  only  when  the  pump  laser 

is  tuned  to  the  Cd  atomic  resonance.  No  fluorescence  is  observed  at  other 
wavelengths,  indicating  the  cell  is  relatively  free  of  impurities.  The  fluo- 
rescence also  goes  away  when  the  cell  is  cooled  below  300  C,  at  which  point 
the  Cd  vapor  pressure  is  less  than  0.1  Torr.  These  observations  confirm  that 
CdHg  is  the  emitting  species  for  the  blue  fluorescence.  Emission  at  335  nm  due 
to  Hg2  excimers  and  at  253.7  nm  due  to  atomic  Hg  was  not  observed,  indicating 
excited  mercury  states  do  not  play  an  important  role  in  the  kinetics  of  these 
experiments. 

Measurements  of  the  fluorescence  time  history  were  obtained  by  viewing  the  side 
of  the  metal  vapor  cell  with  a 1P28  photomultiplier  tube.  Corning  CS3-75  and 
CS4-72  filters  were  used  to  eliminate  any  scattered  uv  pump  light  and  stray  light 
outside  the  fluorescence  spectrum.  Figure  6.2  shows  the  temporal  relationship 
between  the  uv  pump  pulse  from  the  CMX-4  and  the  CdHg  fluorescence.  Figure  6.3 
shows  the  fluorescence  signal  in  more  detail.  The  experimental  conditions 
for  Figure  6.3  are  shown  in  Table  6.1. 
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I 

Figure  6.1  Cd2  and  CdHg  Fluorescence  Spectra 
(Cd2  Spectrum  from  Drullinger  and 
Stock,  Ref.  29) 
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Figure  6.2  CdHg  Fluorescence  and  326.1  nm  Excitation  Pulse 
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Table  6.1  Typical  Experimental  Conditions  for  Fluorescence  Measurements 


8.5  x 1018  cm'3 
2 x 1018  cm"3 


7.2  x 1016  cm'3 


836  K 


Similar  data  were  obtained  with  the  cell  temperature  held  constant  (near 

830  ±5  K)  and  varying  nr  . between  1.0  x 1016  cm'3  and  7.2  x 1016  cm"3.  Also, 

17  -3 

data  in  which  nr.  is  held  constant  (near  1.2  ±0.13  x 10  cm"  ) and  T ,,  is 
Cd  cell 

varied  between  716  K and  967  K were  obtained.  In  all  these  experiments,  the 
exponential  decay  time  is  nearly  the  same, 


1 decay 


4.8  ±0.25  M>s, 


(6.1.1) 


and  shows  no  correlation  with  either  cell  temperature  or  cadmium  number  density. 
This  decay  rate  represents  the  combined  loss  processes  due  to  radiative  decay 
of  CdHg  along  with  any  quenching  processes  present,  and  is  slightly  longer  than 
either  of  the  two  values  stated  by  McGeoch,  et  al  (2.8  m-s  and  4.0  m-s). 


When  fluorescence  decay  time  is  measured  as  a function  of  326.1  nm  excitation 

energy,  an  inverse  relationship  is  found.  At  low  pump  energies,  a value  of 

4.8  M-s  is  observed;  however,  as  the  pump  energy  increases  to  several  milli- 

joules,  the  decay  time  shortens,  and  approaches  2.7  m-s.  This  data  is  plotted 

in  Figure  6.4,  which  shows  the  reciprocal  of  decay  time  (decay  frequency)  as  a 

function  of  pump  energy.  A pump  energy-dependent  fluorescence  decay  time  can 

be  explained  by  the  kinetics  scheme  shown  in  Figure  6.5.  Two  CdHg  excimer 

levels,  each  with  a different  decay  time,  are  included.  If  the  three-body 
★ 

formation  of  CdHg  has  a high  branching  ratio  to  the  longer  lifetime  state 
(CdHg  (a)),  then  at  low  excitation  energies  a 4.8  ns  decay  time  is  observed. 

At  higher  pump  energies,  the  excimer  density  increases  and  biexcimer  collisions 
transfer  the  population  to  the  shorter  lifetime  state  (CdHg  (b)).  At  suffi- 
ciently high  pump  energies  this  transfer  is  rapid  enough  to  depopulate  the  a 
state  so  no  further  decrease  is  seen  in  the  fluorescence  decay.  This  observa- 

3 

tion  is  consistent  with  the  conclusions  of  McGeoch,  et  al,  who  determined  a 
rate  constant  of  5 x 10"*^  cm3  -s’*  for  the  biexcimer  transfer.8 
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Gain/Absorption  Measurements 


Absorption  on  several  lines  of  the  argon-ion  laser  has  been  observed, 
of  these  experiments,  the  conditions  shown  in  Table  6.2  existed: 

Table  6.2  Typical  Experimental  Conditions 
for  Absorption  Measurements 


In  most 


PCd 

= 

34  Torr 

nCd 

= 

3.6 

X 

1017 

-3 

cm 

nHg 

= 

2.0 

X 

1018 

-3 

cm 

nAr 

= 

8.5 

X 

1018 

-3 

cm 

Tcell 

= 

903 

K 

T -j 

= 

819 

K 

si  dearm 

Ptotal 

= 

974 

Torr 

Figure  6.6  shows  a typical  oscilloscope  trace  of  the  absorption  signal  from  the 
differential  amplifier  discussed  in  Section  5.4.  For  comparison  purposes,  the 
fluorescence  signal  is  also  displayed.  For  the  case  shown  in  Figure  6.6a,  the 
total  dc  level  from  the  amplifier  with  the  reference  beam  blocked  was  1.3  V. 

The  magnitude  of  the  absorption  signal  is  about  0.015  V giving  a percentage 
absorption  of  the  probe  beam  of  1.15"  per  pass.  The  measurement  shown  in 
Figure  6.6a  was  performed  using  the  frequency-doubled  CMX-4  as  the  pump.  For 
this  case,  the  pump  energy  was  about  0.15  mJ.  The  absorption  is  present  only 
when  the  pump  laser  is  tuned  to  the  326.1  nm  Cd  resonance  transition.  In  Figure 
6.6b,  the  pump  energy  was  0.75  mO,  obtained  from  the  Phase-R  dye  laser.  Again, 
the  absorption  is  clearly  present.  Note  the  shorter  fluorescence  decay  time 
which  is  observed  at  the  higher  pump  energy. 


Data  similar  to  that  shown  were  collected  at  several  wavelengths  of  the  Ar 
laser  and  are  summarized  in  Table  6.3.  The  amount  of  absorption  was  found  to 
scale  with  the  326  nm  pump  energy,  so  for  comparison  purposes,  values  were 
normalized  to  a 1 mJ  level.  These  data  are  plotted  in  Figure  6.7  as  a function 
of  wavelength. 


57 
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0.15  mJ 
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(b)  Pump  Eneray  = 
0.75  mJ 


CdHg  Fluorescence 


Absorption  Signal 


Conditions:  n^  = 3.6  x 1012  cm"3  T = 906  K 

"Ho  = 2 x 101,q  cm’3  ‘'■probe  = 457,9  nm 

"Ar  * 8.5  x 10^  cm'^ 


Figure  6.6  Absorption  in  Excited  Mixtures  of  Cd  and  Hg 


Probe 

Wavelength 

(nm) 

Pump  Energy 
Absorbed 
(mJ) 

Single  Pass 
Absorption 
(*.) 

Single  Pass  Absorption/mJ 
{%  -m3-1) 

Average 

0.34 

3.1 

9.0 

0.63 

5.3 

8.4 

8.1 

457.9 

0.84 

5.9 

7.0 

472.7 

1.1 

5.5 

5.0 

5.0 

476.5 

0.84 

4.0 

4.8 

r O 

476.5 

0.84 

4.8 

5.7 

b . Z 

496.5 

1.26 

2.3 

1.8 

1.8 

501.7 

0.25 

1.1 

4.4 

501.7 

0.53 

1.5 

2.8 

3.8 

501.7 

0.63 

2.6 

4.1 

514.5 

0.84 

2.4 

2.9 

2.9 

Notes:  Absorption  Length  = 50  cm,  Pump  Beam  Diameter  = 0.2  cm, 

Cell  Temperature  = 630  C 

Strongest  absorption  is  observed  at  457.9  nm,  and  the  effect  is  seen  to  decrease 
as  the  wavelength  of  the  probe  laser  increases.  The  absorption  strength  appears 
to  be  correlated  with  fluorescence  intensity.  From  the  trend  in  absorption  vs 
wavelength,  it  appears  that  the  peak  values  for  absorption  may  occur  on  the 
blue  wavelength  side  of  the  peak  value  for  fluorescence. 

In  addition  to  the  above  data,  a measurement  at  a lower  cell  temperature  was  ob- 
tained to  determine  if  the  absorption  is  temperature  dependent.  At  a cell  tem- 
perature of  495  C,  absorption  is  still  observed.  This  point  is  also  shown  in 
Figure  6.7. 

A possible  error  source  in  the  data  presented  in  Table  6.3  involves  the  spatial 
overlap  of  the  pump  and  probe  beams.  The  pump  beam  had  a 2 mm  diameter  at  the 
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Wavelength  (nm) 

Figure  6.7  Absorption  in  Laser  Excited  CdHg  Vapor  vs.  Wavelength 


cell  entrance  window  and  was  focused  with  a 1 m lens  to  about  a 1 mm  diameter  at 
the  center  of  the  cell.  Since  small  changes  in  alignment  can  occur  over  extended 
time  periods,  the  data  in  Table  6.3  were  obtained  in  a single  experiment  session. 
However,  careful  alignment  procedures  yielded  similar  results  in  all  experiment 
sessions. 

6.3  Acoustic  and  Thermal  Effects 

When  energy  is  absorbed  in  a long,  narrow  volume,  as  in  the  case  of  these  experi- 
ments, careful  attention  must  be  given  to  possible  acoustic  effects  which  could 
lead  to  probe  beam  steering.  Any  such  beam  steering  could  appear  as  intensity 
fluctuations  which  mimic  absorption. 


An  estimate  of  the  thermal  loading  can  be  obtained  by  comparing  the  pump  radia- 
tion and  fluorescence  photon  energies.  The  326  nm  pump  photon  has  3.8  eV  energy, 
whereas  the  470  nm  fluorescence  photon  has  2.6  eV  energy.  The  difference  is 
converted  to  heat  during  the  excimer  formation  and  radiation  processes.  This 
results  in  32*  of  the  absorbed  energy  being  converted  to  heat.  Most  absorption 
measurements  were  made  with  pump  energies  between  0.15  and  1.5  niJ,  so  the  heat 
addition  varied  between  0.05  and  0.5  mJ.  This  was  absorbed  in  a cylindrical 
volume  having  an  average  diameter  of  1.5  mm  and  a length  of  50  cm,  so  the  excited 
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volume  was  about  0.9  cm  . Thus  the  heat  loading,  AE,  varied  between  0.06  and 
0.6  J/i.  This  must  be  compared  to  the  heat  energy  of  the  gas,  which  is  given  by 

Eh  = | NkT  (6.3.1) 
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At  a temperature  of  900  K and  a gas  density  of  10  cm  , EH  is  calculated  to 
be  190  J/£.  Therefore  the  fractional  heat  added  is  given  by 

3.2  x 10'4  < < 3.2  X 10-3.  (6.3.2) 

This  is  a small  effect,  which  will  lead  to  local  temperature  increases  of  the 
same  magnitude.  This  will  not  be  manifested  as  a density  fluctuation  until  a 
time  which  is  given  by 

t = ± 

c:  vs  (6.3.3) 


has  elapsed.  Here,  d is  the  beam  diameter  and  v$  is  the  sound  velocity,  which 
is  given  by 

v 

s 
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where  V is  the  ratio  of  specific  heats,  k is  Boltzmann's  constant,  and  m is  the 
molecular  mass.  This  is  the  time  required  for  a shock  wave  traveling  at  the  sound 
velocity  to  travel  the  diameter  of  the  pump  beam  and  establish  a density  gradient. 


For  an  ideal,  monatomic  gas  at  900  K,  v$  is  about  5 x 104  cm/sec.  With  d taken 
to  be  1 mm,  t is  calculated  to  be  2 p.s.  However,  the  absorption  is  observed  to 
appear  almost  simultaneously  with  the  pump  pulse,  indicating  it  arises  from  a much 
faster  process  than  the  formation  of  a density  gradient.  Using  reaction  2 in  Table 
4.1  and  conditions  typical  for  these  experiments,  excimers  are  formed  at  a rate 


R * k2  iHg]  [M] 
R = 1 x 107  s-1 


(6.3.5) 


The  characteristic  time  is  1/R,  or  about  100  ns.  This  more  closely  matches  the  ob- 
served rise  in  absorption  than  does  the  estimated  time  to  form  a density  gradient. 

If  the  effect  is  due  to  an  acoustic  disturbance,  it  should  be  independent  of 
wavelength.  This  is  definitely  not  the  case,  as  seen  in  Figure  6.7.  Absorption 
is  considerably  less  at  514.5  nm  than  at  457.9  nm. 

There  is  the  possibility  that  excited  species  create  an  anomalous  dispersion 

which  leads  to  defocusing  of  the  probe  beam.  An  estimate  of  defocusing  caused 

by  refractive  index  variation  in  the  excited  medium  can  be  made  following  par- 
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axial  ray  analysis  given  by  Kogelnik  and  Li.  If  the  pump  beam  is  assumed  to 
induce  an  index  variation  which  varies  quadratical ly  with  the  radial  coordinate. 


1 2 

n(r)  = nQ  - y n2  r , 


(6.3.6) 


then  the  appropriate  ray  transfer  matrix  for  propagation  through  a length  d of 
the  excited  medium  is 


cos  (dp) 


sin  (dp) 


- /n^  sin  (dp)  cos  (dp) 


(6.3.7) 


where  p is  given  by  /n^Tn^.  In  the  present  experiment,  ng  is  very  close  to 
unity.  This  leads  to  defocusing  by  a "thermal  lens"  having  a focal  length 


rnQn2  sin  (d  /n^?) 


(6.3.8) 


(6.3.9) 


For  small  values  of  n2 , the  focal  length  is  approximately 

f - -i_ 

T dn„ 


An  appropriate  expression  for  n2  is  found  from 

„2  » i * 

3hcA  v 
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(6.3.10) 


In  Equation  (6.3.10),  |p.|  is  the  electronic  transition  moment  of  a transition 
Av  cm-1  away  from  the  probe  frequency.  The  excited  state  density,  N,  will 
have  a radial  dependence  given  by 


N(r)  = NQe 


-2  (r/wQ)‘ 


N„ 


1 - 2 JT 

wo 


(6.3.11) 


where  Wg  is  the  pump  beam  radius. 


Substituting  (6.3.11)  into  (6.3.10),  and  making  the  further  assumption  that  the 
index  variations  are  small  gives 

2 4uN„U|2  , 


n(r)  = 1 + 


2n  N0|h 
3hc  Av 


+■ 


3hcA  vwq2 


(6.3.12) 


Comparing  Equation  (6.3.12)  with  Equation  (6.3.6),  it  is  seen  that 

2 


and 


1 _ 

7 n2  " 


2 n Nq|  m.| 

3hc  A v 

4n  Nq|^1  2 
3hcA  vwq2 


(6.3.13) 

(6.3.14) 


For  the  case  of  a very  strong  transition,  H is  on  the  order  of  10-1^  esu-cm. 

Assuming  a detuning  of  100  cm-1,  a beam  radius  of  0.05  cm,  and  an  excited  state 
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density  of  10  cm  , then  the  index  variation  is  found  to  be 


-4  -2 

n2  » 1.7  x 10  cm 


(6.3.15) 


Using  this  value  in  Equation  (6.3.9)  with  d equal  to  50  cm,  the  focal  length 
of  the  "thermal  lens"  is  found  to  be 


118  cm 


(6.3.16) 
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However,  it  is  unlikely  that  the  strengths  of  any  nearby  transitions  are  as 
as  strong  as  10  esu-cm,  and  the  detuning  factors  will  be  larger  than  100  cm'1 
for  most  of  the  Ar+  laser  lines  used  to  probe  absorption.  Therefore,  the  ther- 
mal lens  will  have  a much  longer  focal  length  than  that  given  by  Equation  (6.3.16). 

Most  absorption  data  was  obtained  with  the  probe  beam  focused  loosely  on  a small 

o 

area  (~0.25  cm  ) solid  state  photodiode  located  about  5 m from  the  heated  cell. 

One  would  expect  that  with  such  a long  path  length  and  with  such  small  detectors, 
any  significant  density  gradient  defocusing  would  seriously  deflect  the  beam  and 
cause  a large  signal  change.  However,  only  small  amplitude  changes  were  observed. 
In  any  event,  if  defocusing  was  present,  one  would  expect  the  effect  to  be  re- 
duced by  placing  a larger  aperture  detector  closer  to  the  cell.  To  check  this, 
a 1P28  photomultiplier  tube,  having  an  area  of  about  1 cm  x 1.5  cm  was  placed 
50  cm  from  the  cell.  Although  the  signal  was  noisy,  due  to  the  discharge  of  the 
dye  laser  flashlamp  circuitry,  the  absorption  signal  was  definitely  present  and 
was  approximately  the  same  magnitude  as  that  observed  further  away  with  smaller 
area  detectors.  Even  if  the  thermal  lensing  effect  is  as  great  as  that  estimated 
in  Equation  (6.3.16),  it  would  not  be  important  in  this  last  experiment. 

In  addition,  if  the  signal  decrease  were  due  to  a density  disturbance  in  a shock 
wave  propagating  at  the  sound  velocity,  one  might  expect  to  observe  effects  from 
successive  shock  fronts  as  they  reflect  from  the  cell  walls.  These  would  occur 
at  time  intervals  given  by 


where  d is  the  tube  diameter.  For  d = 6 mm,  tr  is  found  to  be  6 ks,  No  such 
return  shocks  were  ever  observed. 

It  should  be  stated  that  under  certain  conditions  it  was  possible  to  observe 
effects  due  to  density  gradients  in  our  apparatus.  These  appeared  as  a slowly 
decaying  intensity  fluctuation  when  the  pump  and  probe  beams  were  not  well 
aligned.  The  decay  time  for  these  signals  was  several  milliseconds,  and  prob- 
ably was  determined  by  the  thermal  diffusion  time  of  the  disturbance.  With  the 
pump  and  probe  beams  carefully  aligned,  this  effect  was  much  smaller  than  the 
absorption  signal.  It  is  felt  that  any  contributions  to  the  signal  caused  by 
acoustic  disturbances  have  been  properly  identified,  and  that  the  observed 
probe  intensity  decrease  is  due  to  absorption. 
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7.0  CONCLUSIONS 

Since  the  absorption  is  present  only  when  the  pump  laser  is  tuned  to  the  cadmium 

resonance  absorption,  it  seems  likely  that  the  cause  is  due  to  an  excited  state 

absorption  in  the  CdHg  excimer.  Because  absorption  was  only  measured  at  specific 

argon  ion  laser  wavelengths,  it  may  be  that  there  are  regions  in  the  fluorescence 

band  which  do  not  exhibit  the  effect.  This  could  result  if  the  absorption  arises 

from  a bound-bound  transition  rather  than  a bound-free  transition.  However, 

* 27 

similar,  continuous  absorption  is  observed  in  the  Hg~  335  nm  band.  If  the 

* ★ 

same  processes  lead  to  absorption  in  CdHg  as  in  Hg£,  then  the  CdHg  absorption 
is  probably  continuous  also. 


Because  of  relativistic  effects  which  are  important  in  the  heavier  mercury  atom, 
theorists  have  not  yet  calculated  the  electronic  state  structure  of  CdHg.  How- 
ever, it  is  possible  to  make  some  "educated  guesses"  about  the  CdHg  electronic 
levels.  For  homonuclear  systems,  such  as  Hg£,  Cd£,  and  Mgg,  there  are  four 
potential  curves  coming  from  the  lowest  atomic  asymptote.  In  the  case 

of  these  are  the  3:ig  (bound),  (bound),  ^ (unbound),  and  (unbound) 

states. 28  For  Hg2»  spin-orbit  coupling  becomes  more  important,  and  these  states 

are  now  designated  by  the  principle  quantum  number,  Q , according  to  the  follow- 
29 

ing  notation. 

3 

I becomes  1,  0 


becomes 


becomes 


becomes 


V V °u 


u’  u 


V V °g 


In  a heteronuclear  molecule,  such  as  CdHg,  this  asymptote  splits  into  asymptotes 
corresponding  to  the  Cd  (^Pg  ^ 2^  + (lsg)  anc*  ^ ^q)  + H9  (^pq  atomic 
states.  Also,  due  to  lack  of  nuclear  symmetry,  the  u,  g state  designation  does 
not  exist.  The  first  of  these  gives  rise  to  the  bound  CdHg  excimer  states, 
while  the  second  which  lies  at  a higher  energy,  could  give  rise  to  several  un- 
bound states.  These  unbound  states  may  lie  at  an  approximate  energy  to  cause 
absorption  at  470  nm.  The  next  higher  atomic  asymptotes  are  the  Hg  ( Sg)  + 

Cd  (*Pj)  and  Hg  (3P2)  + Cd  ^Sg)  states.  The  first  of  these  should  form  bound 
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f 


1 


: 


29 

states  which  could  lead  to  absorption  in  the  470  nm  wavelength  region.  The 
second  asymptote  should  form  unbound  states  which  lie  at  too  high  energy  to 
cause  absorption.  Figure  7.1  shows  some  of  the  possible  excited  states  of 
CdHg  which  could  absorb  in  the  wavelength  region  where  laser  action  was  anti- 
cipated. 

Absorption  cross  sections  for  a transition  to  states  arising  from  the  Hg(1Sn)  + 

1 ^ 

Cd  ( Pj)  asymptote  should  be  small.  This  is  because  the  absorption  should 

occur  to  vibrational  levels  near  the  dissociation  asymptote  and  thus,  the  Franck- 
Condon  factors  will  be  small.  Absorption  to  the  0+  state  arising  from  the 
Hg  ( Pj)  + Cd  ( Sq)  asymptote  would  probably  have  a larger  cross  section,  and 
would  also  have  a continuous  wavelength  dependence.  A third  electronic  state 
which  could  possibly  absorb  near  470  nm  is  indicated  by  the  dashed  curve  in 
Figure  7.1.  If  a bound  state  having  approximately  1 eV  binding  energy  origi- 
nates  from  the  Hg  ( Sg)  + Cd  ( S^)  asymptote,  then  this  is  also  a possibly 
absorbing  transition.  The  above  discussion  is  somewhat  speculative,  but  it  is 
included  to  show  that  absorptions  near  470  nm  are  possible  in  the  excited  elec- 
tronic states  of  CdHg.  A more  definitive  examination  of  the  subject  must 
depend  on  better  calculations  of  the  CdHg  electronic  levels  and  their  associ- 
ated transition  moments. 

The  measurements  performed  under  this  program  cast  considerable  doubt  on  the 
possibility  of  efficient  laser  action  in  CdHg.  If  further  studies  are  con- 
ducted, they  should  investigate  the  cause  of  the  absorption,  with  the  hope  of 
finding  a way  to  avoid  it. 
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